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Abstract 
Controlling the thermo-elastic behavior of tooling machines can only be achieved by 
systematic analysis, characterization and design of their fluidic system. In the first stage 
of this project, fundamental work was done to develop simulation methods for the 
calculation of the thermodynamic behavior of a representative example of a milling 
machine and each of its components. With experimental and numerical data it was 
proven, that significant improvement can be achieved by a proper design of heat transfer 
conditions of the fluidic system. To correct and counterbalance thermo-energetic effects, 
it will be necessary to develop new structures of the tooling machines systems which 
ensure the temperature-control of local subsystems in dependence of the actual working 
process. The work which is documented in this paper deals with the thermodynamic 
behavior of the motor spindle  
KEYWORDS: Tooling Machine, Heat Transfer, Cooling Circuit, Energy Efficiency, 
Experimental Investigations, Simulation 
1. Introduction 
In metal-cutting production still demands are placed with regard to greater accuracy and 
higher productivity /1/. Therefore, an adequate control of the static design of machine 
structures and advanced servo technology of feed axes are already contributing to high 
precision. However, growing quantity outputs require larger amounts of main and feed 
drive power. In case of the main drives this power is mainly dissipated in heat flows at 
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the tool center point (TCP) of the cutting process. And in case of the feed drives also 
higher heat flows are produced indirectly due to increased friction losses of mechanical 
drives and guide elements or increased power losses of the drives themselves. Both is 
leading to increased thermo-elastic deformations. Conventional measures concerning 
the reduction of thermo-elastic errors such as air-conditioning of entire production areas, 
continuous operation of thermal stabilizing hydraulic circuits even in idle process 
windows as well as tempering of structural areas of machine tools are already 
successfully practiced. However, these practices consistently increase the energy 
consumption and thus, reduce the efficiency. As part of the Collaborative Research 
Center CRC/TR 96 an approach is pursued focusing on measures to comply with 
manufacturing accuracy under thermally unstable conditions, without the demand for 
additional energy /2/. Especially concerning the fluid systems it is necessary to critically 
review this additional energy demand from an economic and ecological point of view. 
2. Overview of the 1st project stage 
2.1. The approach and methodology 
Regarding a uniform temperature distribution in machine tools, the analysis of thermo-
energetic properties and the support in the design of fluid power systems are the main 
concerns of this project. Due to the increased complexity of fluid power systems its 
optimization provides a comprehensive working area. Especially with the focus on an 
optimal thermal performance with a minimal power supply, existing simulation models 
are not adequate for a scientifically based design. For this purpose the research activities 
are aimed at the development of principles and simulation models with a holistic 
approach. 
Therefore, the approach was divided into four subdomains. In the first two steps 
extensive experimental investigations were carried out at the overall tooling machine and 
selected components. These studies formed the basis for receiving information on 
characteristic variables and parameters for modeling. Subsequently, extensive 
numerical simulations (CFD) were performed in the third step. These simulations help 
making the thermo-energetic exchange processes visible in a high temporal and spatial 
resolution. Beside experimental data they represent an additional basis for comparison 
and significantly support the modelling process by deriving structures and parameters, 
as well. In the last step abstract network-based component models (1D) were developed. 
In contrast to numerical 3D models they allow a faster computation at the same or even 
lower capacity. For this reason, 1D network-based models are well suited for the 
description of complex systems, e. g. the fluid cooling system. 
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2.2. Selected results of the 1st project stage 
2.2.1. Machine analysis of a milling center 
In Figure 1 the investigated main fluid systems of the demonstrator DBF 630 with its key 
components are depicted. All in all, four systems were analyzed in detail: The cooling 
circuit, the cooling lubricant system, the lubrication circuit and the hydraulic system. The 
cooling circuit has a fixed displacement pump (20) and a heat exchanger (22) that cools 
the heated fluid down to a set temperature. The main components needed to be cooled 
are the electrical cabinet (6), the rotary table (4) and the main drive (7). The cooling of 
the electrical cabinet is realized by an air-water heat exchanger (21) and that of the rotary 
table (4) and the main drive (7) directly by a water/Antifrogen® N mixture that flows 
through implemented cooling channels. For detailed information on the other fluid power 
systems refer to /3,4/. 
 
Figure 1: Main fluid systems of the demonstrator DBF 630, adapted from /3,4/. 
Figure 2 shows the measured energy demand in the no-load test cycle. The largest 
amount with approximately 45 % is required to drive the axes. In total, the fluid power 
systems require 44 %. It remains a residue of 11 %. This energy demand is needed for 
the auxiliary equipment, such as lighting, CNC control and control circuit or pneumatic 
subsystems. With a closer look on the fluid systems it becomes obvious that the cooling 
lubricant system has the highest energy demand of about 16 %. The energy demand 
within the lubrication system as well as the cooling system is nearly at the same level 
with approximately 12 % and the smallest share of about 4 % is needed for the hydraulic 
system. 
1 Column
2 Headstock
3 Bed
4 Rotary table
5 Workpiece
6 Electrical cabinet
7 Main drive
8 Y axis drive (spindle)
9 X axis drive (spindle)
10 Z axis drive (table)
11 Centrifugal pump
12 Submersible pump
13 Shut off valve
14 In-line filter
15 Belt filter
16 Check valve
17 Nozzles for flushing
18 External coolant supply
19 Internal coolant supply
20 Cooling unit
21 Air-cooling cabinet
22 Coolant device
23 Accumulator
24 Fixed displacement pump
25 Pressure relief valves
26 Nozzle (cooling/lubrication)
27 Directional control valves
28 Tool (clamping/release)
29 Break (at standstill)
Cooling circuit Lubrication circuit
Cooling lubricant system
1
2
3
4
5
6
7
8
10
y
z x
9
11
1212
13
14
15
16
17
18
19
20
21
22
23
22
24
26
Hydraulic system
25
24
27
428 29
Group 4 - Thermal Behaviour | Paper 4-1 197
 Figure 2: Power consumption of the demonstrator in no-load test cycle 
 
Figure 3: Network-based simulation model of the cooling circuit, adapted from /5/. 
Furthermore the applicability of existing modelling tools (like SimulationX) was examined 
for the description of the cooling circuit system, as can be seen from Figure 3. The model 
structure is basically set up in alternating arrangement, because of the correlation 
between the input and output variables of nodes and elements. The potentials required 
for the computation are transported by thermal or hydraulic connections between the 
individual blocks. For a detailed mathematical description of the utilized elements refer 
to /5,6,7/. Figure 4 shows exemplarily a comparison between the measured and 
simulated values of the inlet and outlet temperatures as well as the heat flows at the key 
components. It is seen that the real system behavior can be predicted with slight 
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deviations. The reasons for the slight deviations concerning the heat flows need to be 
clarified by further measurements and a larger data base. 
 
Figure 4: Comparison of measured and simulated temperatures and heat fluxes at the 
key components of the cooling circuit, adapted from /5/. 
2.2.2. Component analysis regarding the spindles cooling system 
Especially in the sector of high-speed machining the spindle is directly driven by a built-
in motor that is actively cooled via the stator cooling sleeve. The sleeve itself is made of 
a highly thermally conductive material (e.g. brass), and comprise rib structures at the 
outer radius improving the heat transfer into the fluid. In order to examine the thermo-
energetic characteristics and to validate the network-based and numerical CFD 
simulation models a test stand was developed, depicted in Figure 5 and explained in 
detail in /4,6,7/. The modular design of the test stand permits a simple replacement of 
the cooling sleeve to examine different flow geometries in detail. 
 
Figure 5: Experimental and simulative component analysis of the motor spindles 
cooling sleeve. 
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3. Outlook and planned work in the 2nd project phase 
3.1. The approach 
The shown works are an important prerequisite for the second phase of the project (see 
Figure 6). Concerning a comprehensive thermo-energetic analysis of fluidic tempering 
systems in machine tools the methods of network-based simulation are extended and 
optimized regarding manageability and robustness with respect to parameter variations. 
For this purpose detailed studies on various complex integration objects are carried out. 
This allows the analysis of the interaction of different methodological approaches on a 
more complex level. The aim is to provide design recommendations for thermo-energetic 
efficient components and an advantageous system structure. 
 
Figure 6: Approach of subproject A04 in the 2nd project phase 
Regarding functional and design aspects fluid power systems interact with a variety of 
tooling machine components. Therefore, they are an important control element for the 
thermo-energetic behavior within the complex machine structure. To ensure a thermo-
energetic efficient system operation the 3rd stage aims at the formulation of guidelines 
for an intelligent, demand-oriented control logic of the new systems as well as the 
structural integration into the overall machine. Here, the inclusion of technological and 
accuracy-related requirements plays an essential role. The work contents of the 2nd 
phase are an important milestone in this direction. Based on the integration object “motor 
spindle” the interaction of the developed fluidic model descriptions with the approaches 
of other projects regarding structural or controlling aspects is analyzed. Compared to the 
previously used test rig “stator cooling sleeve” the increased complexity of the integration 
object “motor spindle” supports the validation of the universality of the developed network 
models. 
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the developed computational models for the simplified experimental setup of the 1st 
project phase will be developed further with a higher degree of complexity for real 
components. In order to optimize the components and systems regarding their structure 
and mode of operation first, important parameters must be identified by means of 
sensitivity analyses. The numerical CFD and network-based models serve as a basis for 
an automated sensitivity analysis and optimization. Especially for complex system 
structures the network-based models provide benefits. They allow comprehensive 
parametric studies without extensive measurements. 
 
Figure 7: The approach of the subproject A04 „Thermal fluid engineering” in the 
second stage of the project 
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Experimental investigations are performed on selected fluid power components and 
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thermal properties (e. g. temperature level, heat conduction, convective heat transfer 
wall/fluid). Moreover, information on the fluidic potential and flow variables can be 
extracted. These enable the identification of flow resistances and losses that are 
responsible for the heat generation within the fluid power systems. Since in tempering 
systems drive powers are usually completely converted into heat they are recorded 
additionally. Finally, the parameters that are necessary for the depiction of the actual 
components and systems behavior within the simulation model, will be extracted from 
these measurements. They form the basis for the subsequent sensitivity analysis and 
optimization. 
3.2.3. Simulation-based component analysis and optimization 
With the help of the previously determined thermal and fluidic parameters of the design 
and measured data the cooling circuits of complex, real components are simulated by 
numerical and network-based models. Therefore, the model structures developed in the 
1st project phase serve as a basis. The cross-checking with the experiments at the 
integration object and the demonstrator machine supports the verification of the 
developed model descriptions. Subsequently, the components are optimized concerning 
their structure, design and operational parameters. For this purpose, a sensitivity 
analysis is carried out with the help of the developed numerical and network models. 
This step is useful for the identification of relevant design parameters for the subsequent 
optimization process. Its aim is an improved thermo-energetic behavior, matched to the 
component-specific demand for temperature control. Here, potentials exist concerning 
the channel geometry and structure (e. g. channel cross section, pitch, number of helices 
in cooling sleeves) as well as the adjustment of the operating parameters (e. g. load-
dependent flow control).  
3.2.4. Simulation-based system analysis and optimization 
The focus of this work package is the analysis and further development of entire fluid 
power system structures. Like previous investigations showed, sufficient cooling capacity 
is available in machine tools. However, the cooling is insufficiently adjusted to the 
process and component dependent heat input into the machine that varies in time and 
place. Thus, the thermo-elastic deformation of the machine can only be reduced 
insufficiently. To overcome these deficits, two different strategies are examined and 
evaluated on the basis of the cooling system of a machine tool: On the one hand a 
decentralization towards autonomous systems (see Figure 8) allows a demand-
oriented, component specific supply and temperature control. Accordingly, the 
adjustment of the operating parameters and their control strategy with respect to the 
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components requirements are included in the considerations. On the other hand the 
centralization of supply units (e. g. the usage of the hydraulic unit for a parallel pressure 
build-up in the coolant-lubricant system) promises potential for minimizing the energy 
consumption and consequently reducing the introduced heat losses into the machine 
structure. 
 
Figure 8: Decentralizing levels of the system structure 
3.2.5. Model preparation and data transfer for correction methods 
For the analysis of the interaction with the calculation models of other subprojects the 
fluidic ones are integrated into the overall models of the integration objects. First, this 
requires a transfer of the simulation models into software independent calculation 
equations. Furthermore, in this way the models suitability for precise thermo-energetic 
prediction based on a real system can be validated, which is essential for the use of 
correction methods. 
4. Summary 
The aim of the paper is to give a short presentation of the done and planned 
investigations in the Collaborative Research Centre CRC/TR 96, especially in the sub-
project A04 “Thermal fluid engineering”. During the 1st phase of the project  
x the thermo-energetic balance of selected tooling machines was investigated 
experimentally and 
x particularly relevant subsystems have been identified, for example the cooling 
circuit and the motor spindel. 
Concerning the description of the components 
x with the help of numerical CFD simulations and 
x experimental studies of individual components 
x network-based models have been developed that can predict their thermo-
energetic behavior with deviations less than 3 %. 
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In the subsequent phase of the project, these models are used to optimize the heat 
transfer and fluid system structures as well as to develop process and demand-oriented 
control strategies. On the one hand a precise prediction of the thermo-energetic behavior 
of fluid power components and systems is crucial for the correction of thermo-elastic 
deformations of the tooling machine. And on the other hand temperature distribution 
within the tooling machine can be homogenized by means of optimized structures and 
control strategies. Therefore, thermo-elastic deformations can be compensated in 
advance. 
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t Time s 
x, y, z Position mm 
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